CJ. Kupffer cell depletion protects against the steatosis, but not the liver damage, induced by marginal-copper, high-fructose diet in male rats.
NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) is now the most common liver disease in the United States. As of 2011, the prevalence of NAFLD and nonalcoholic steatohepatitis (NASH) was reported to be 46 and 12.2%, respectively, in middle-aged adults in the United States (47) . The rapid rise in NAFLD suggests a possible role for environmental factors in the pathogenesis of this disease.
Inadequate copper intake (23, 26, 27) and increased fructose consumption represent two important nutritional problems in the United States (45) . Recent studies suggest that high fructose intake may be an important risk factor for the development of NAFLD (3, 33) . Decreased copper availability has also been observed in NAFLD patients, and a copper-deficient diet induces fatty liver in rodents (1, 2) . Moreover, dietary fructosecopper interactions worsen copper status and are associated with the metabolic syndrome (13) (14) (15) . Our recent research clearly showed that not only high dietary fructose but also modest fructose consumption worsened copper status in marginally copper-deficient rats and caused liver injury and fat accumulation (39, 40) . One potential underlying mechanism for the hepatic abnormalities caused by low-copper/high-fructose diets is hepatic iron overload (7, 17, 39, 40) . The release of iron from macrophages and hepatocytes is a copper-dependent process that involves ceruloplasmin, a copper-dependent ferroxidase (9) . In fact, hepatic iron accumulation is observed in up to 34.5% of NAFLD patients (31) . The term "insulin resistance-associated hepatic iron overload" (IRHIO) syndrome was coined a decade ago to describe the association between insulin resistance, NASH, and iron overload (29) .
Maintenance of systemic iron homeostasis involves the balance between iron absorption, storage, and recycling. Most of the iron in the body is in the hemoglobin of erythrocytes. Senescent erythrocytes are phagocytosed by macrophages and recycled at a rate of 20 -25 mg iron per day (20) . Hepcidin is the master regulator of iron homeostasis, and it is secreted mainly by hepatocytes in response to iron stores, inflammation, and hypoxia (34) . It regulates cellular iron release by acting on the iron exporter ferroportin-1 (12, 32) . In addition, efficient iron release from hepatocytes/macrophages and enterocytes also requires ceruloplasmin and hephaestin, respectively, which are multicopper oxidases that oxidize Fe(II) to Fe(III), the form of iron that binds to Apo-transferrin (9) . Therefore, copper deficiency may lead to iron accumulation in the liver (22) . Excess iron in the liver secondary to copper deficiency is distributed throughout hepatocytes and Kupffer cells (KCs). Human research suggests that the cellular pattern of hepatic iron deposition is correlated with the histological severity in NAFLD patients (31) .
KCs are the resident macrophages of liver, and they play critical roles in host defense and iron recycling. However, the exact role of KCs in the pathogenesis of NAFLD is unclear. Our previous studies clearly documented increased hepatic iron deposition in the marginal-copper high-fructose diet (CuMF) rat model (39, 40) . However, the iron deposition pattern and the role of iron deposition in different cell types have not been defined in an animal model of NAFLD. The present study was conducted to examine the role of KCs in the development of NAFLD and the role of cell type-specific iron deposition in disease progression.
MATERIALS AND METHODS
Animal experiments. Male weanling Sprague-Dawley rats (35-45 g ) from the Harlan Laboratories (Indianapolis, IN) were fed (ad libitum) a purified AIN-76 diet with a defined copper content. The copper-adequate rats received 6 mg/kg copper, and the marginalcopper rats received 1.6 mg/kg of copper for 4 wk to achieve marginal copper deficiency. The animals were housed in stainless steel cages in a temperature-and humidity-controlled room with a 12:12-h light-dark cycle. Animals had free access to either deionized water or deionized water containing 30% fructose (wt/vol). Fructoseenriched drinking water was changed twice a week. KCs were depleted by tail vein injection of GdCl 3 (10 mg/kg body wt) twice a week before (Pre-GdCl3) or after 2 wk (Post-GdCl3) of CuMF diet (35) . In the Pre-GdCl3 group, animals received GdCl3 or saline solution injection three times prior to the beginning of experimental diet (CuMF) at 72, 48, and 24 h, then followed by twice-weekly injections until the end of the experiment (total 4 wk). In the PostGdCl 3 group, animals received GdCl3 injection twice weekly starting from 2-wk exposure to CuMF diet until the end of the experiment (total 2 wk). After fasting overnight, all the animals were killed under anesthesia with pentobarbital (50 mg/kg ip injection). Blood was collected from the inferior vena cava, and citrated plasma was stored at Ϫ80°C for further analysis. Portions of liver tissue were fixed with 10% formalin for subsequent sectioning, while others were snapfrozen with liquid nitrogen. All studies were approved by the University of Louisville Institutional Animal Care and Use Committee, which is certified by the American Association of Accreditation of Laboratory Animal Care.
Hepatocyte and KC isolation and culture. Primary hepatocytes were isolated from experimental rats according to a modified two-step collagenase-perfusion method (38) . KCs were isolated by Percoll gradient centrifugation as described previously (38) . The purity of KCs was 80%. KCs were suspended with RPMI 1640 containing 5 U/ml penicillin and 50 g/ml streptomycin, supplemented with 10% FBS at 37°C in a humidified O 2-CO2 (19:1) atmosphere, and seeded into 24-well plate at a density of 1 ϫ 10 6 /well. Assessment of copper and iron status. Plasma ceruloplasmin was measured on the basis of its oxidase activity (37) . Plasma copper and liver copper were measured by Varian SpectrAA 880/GTA-100 graphite furnace atomic absorption spectrometer (AAS) (Worcester Polytechnic Institute, Worcester, MA). Liver iron concentration was measured by iCE3000 series flame AAS (Thermo Fisher Scientific, Waltham, MA).
Hepatic triglyceride assay. Liver tissues were homogenized in ice-cold phosphate-buffered saline. Hepatic total lipids were extracted with chloroform/methanol (2:1) according to the method described by Bligh and Dyer (6) . The lipid in chloroform was dried and redissolved in 2% Triton X-100 in water. Hepatic triglyceride content was determined by commercially available kits (Infinity, Thermo Electron, Melbourne, Australia).
Liver enzyme and plasma biochemical assays. Liver enzyme and the plasma biochemical assays were performed with commercially available kits: aspartate aminotransferase (AST), glucose, cholesterol, triglyceride (Infinity, Thermo Electron, Melbourne, Australia), nonesterified fatty acids (NEFA) (Wako Chemicals, Richmond, VA), insulin (Lino Research, St. Charles, MO), hepcidin (Uscn Life Science, Houston, TX), and monocyte chemoattractant protein-1 (MCP-1) (Invitrogen, Camarillo, CA).
Determination of gut permeability and plasma endotoxin. For ex vivo detection of intestinal permeability, a freshly isolated 10-cm section of ileum was rinsed with modified Krebs-Henseleit bicarbonate buffer (KHBB, pH 7.4). Then 100 l FITC-dextran (molecular weight 4,000, FD-4, 40 mg/ml) was injected into the lumen before the gut was ligated to form a sac, as described previously (48). The gut sac was then placed in KHBB and incubated at 37°C for 20 min. The FD-4 that penetrated from the lumen into the incubation buffer was measured spectrofluorometrically with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. The FD-4 permeability was expressed as micrograms per centimeter per minute. Plasma samples were diluted twofold in pyrogen-free water and heated at 75°C for 10 min and cooled down to room temperature (48) . Endotoxin was measured by using the limulus amoebocyte lysate kit (Lonza, Walkersville, MD) according to the manufacturer's instructions.
Histology and immunohistochemistry. Formalin-fixed, paraffin-embedded liver and adipose tissue sections were cut at 5-m thickness by a routine procedure. Sections were stained with hematoxylin and eosin (H&E). Adipocyte size was measured by use of Image J 
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Western blot. Equal amounts of protein extracted from liver homogenate were loaded and resolved on 4 -15% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membrane (Millipore, Bedford, MA). The membrane was blocked and probed with primary antibody for sterol regulatory element binding protein-1 (SREBP-1; Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C and incubated with the corresponding horseradish peroxidaseconjugated secondary antibody. Protein signals were visualized by using the enhanced chemiluminescence system (Amersham Biosciences, Little Chalfont, UK). Band intensities were quantified by use of Image J software (http://rsb.info.nih.gov/ij/).
Statistical analysis. All data were expressed as means Ϯ SD and analyzed by one-way analysis of variance (ANOVA) followed by Newman-Keuls multiple-comparison test and Student's t-test. The interactions between copper and fructose were examined by two-way ANOVA. Differences at P Յ 0.05 were considered to be statistically significant.
RESULTS

Dietary marginal copper deficiency and high-fructose feeding induces liver injury and fat accumulation.
As expected, rats fed on the CuMF diet developed obvious liver injury and fat accumulation at 4 wk, as shown by elevated plasma AST (Fig.  1A) , increased hepatic triglyceride level (Fig. 1B) , and histology (H&E staining) (Fig. 1C) . These findings are consistent with our previous data and further confirmed our previous results (39) .
KC depletion completely eliminates hepatic fat accumulation, but not liver injury, in CuMF rats. CuMF-induced fat accumulation was characterized mainly by macrovesicular steatosis and was located around the portal areas as shown by H&E. The increased hepatic fat accumulation in CuMF rats was not apparent with KC depletion (Fig. 2A) . Consistent with histological findings, the hepatic triglyceride level was significantly increased in CuMF rats compared with controls. KC depletion, either before or in the middle of the CuMF protocol, completely prevented or resolved fat accumulation in the liver (Fig. 2B) . Liver injury was assessed by plasma levels of liver enzymes [alanine aminotransferase (ALT) and AST]. Although ALT level was not significantly changed in CuMF rats compared with controls (data not shown), AST level was significantly increased. Moreover, this increase was not attenuated by KC depletion (Fig. 2C) .
Hepatic expression of KC marker and proinflammatory genes with KC depletion. The expression of hepatic KC marker genes Emr1 (F4/80), CD68, and CD163 was significantly decreased (by ϳ50, 55, and 35%, respectively) with GdCl 3 injection prior to fructose feeding (Pre-GdCl 3 ). A similar effect was also observed at the later time point (Post-GdCl 3 ), suggesting the successful depletion of KCs both before and after/ during fructose feeding (Fig. 3A) . It was further confirmed by markedly decreased hepatic CD68 expression with KC depletion, as shown by immunohistochemical staining (Fig. 3B) . TNF-␣ and Il-1␤ mRNA expression were significantly downregulated with KC depletion in both Pre-GdCl 3 and Post-GdCl 3 groups. Toll-like receptor 4 (TLR4) mRNA was markedly downregulated in Post-GdCl 3 group (Fig. 3C) .
Effects of KC depletion on body weight, liver weight, epididymal fat weight, and plasma metabolic indexes. After 4 wk exposure to dietary CuMF, rats in Pre-GdCl 3 group showed significantly lower body weight and body weight gain compared with controls. Although body weight and weight gain were not significantly reduced in rats from the Post-GdCl 3 group compared with controls, these variables were significantly higher in the Post-GdCl 3 animals than in the Pre-GdCl 3 group. Liver weight was significantly decreased with KC depletion in rats from Pre-GdCl 3 group compared with control. However, liver-to-body weight ratio did not differ significantly. KC depletion also led to a significant decrease of epididymal fat weight as well as epididymal fat weight-to-body weight ratio compared with controls. Although the difference between groups in plasma indexes did not reach the statistical significance, there is a trend toward decreased plasma triglyceride, glucose, and homeostasis model assessment of insulin resistance (HOMA-IR) in the Pre-GdCl 3 group compared with controls ( Table 2) .
KC depletion reduces adipocyte size with altered adipose tissue proinflammatory profile in epididymal fat. As expected, intravenous injection of GdCl 3 successfully depleted hepatic KCs, whereas adipose tissue macrophages were not significantly affected, as shown by the macrophage marker gene expression (Fig. 4A) . Mean epididymal adipocyte size was significantly smaller in the two groups with KC depletion, with the more profound effect seen in the Pre-GdCl 3 group (Fig.  4B) . Although some of the proinflammatory cytokine gene Data are expressed as means Ϯ SD (n ϭ 6 -8). * vs. CuMF; † vs. CuMFϩSaline; ‡ vs. CuMFϩPreGdCl3 (P Ͻ 0.05). BW, body weight; CuMF, marginal copper-deficient diet ϩ30% fructose drinking; GdCl3, gadolinium chloride; PreGdCl3, GdCl3 start before the experimental diet; PostGdCl3, GdCl3 start from 2 wk of the experimental diet; EPW, epididymal fat weight; NEFA, nonesterified fatty acid; HOMA-IR, homeostasis model assessment of insulin resistance. expression was downregulated (IL-6) or had a trend toward being decreased (CCL2/MCP-1); however, it seems that the adipose tissue inflammation was not markedly improved with KC depletion, at least in the limited time period, from the profile of proinflammatory gene expression (Fig. 4C) .
Effects of KC depletion on copper and iron status. As expected, the plasma ceruloplasmin activity, as well as the plasma and liver copper levels, were significantly decreased in the CuMF rats compared with controls. KC depletion with GdCl 3 slightly decreased the plasma ceruloplasmin activity, as well as the plasma and liver copper levels. However, the differences did not reach the statistical significance (Fig. 5A) . Moreover, liver iron was significantly increased and plasma iron was significantly decreased in the CuMF rats, and they were not modified by KC depletion (Fig. 5B) .
Increased hepatocyte iron and decreased spleen iron is associated with plasma hepcidin deficiency in CuMF rats. KC depletion did not affect iron content in the whole liver tissue. To further determine the iron level in each cell type, we isolated hepatocytes and KCs from CuMF-treated rats. Hepa- tocyte iron was markedly increased (Fig. 6A) , and spleen iron was significantly decreased in CuMF rats (Fig. 6C) , suggesting iron redistribution from spleen to hepatocytes after exposure to CuMF diet. However, we did not detect a significant change in iron levels in KCs from CuMF rats compared with control, at least at this time point (Fig. 6B) . Plasma hepcidin, an antimicrobial small peptide that regulates iron homeostasis, was significantly decreased in CuMF rats (Fig. 6D) .
Effect of KC depletion on hepatic expression of genes involved in lipid metabolism and SREBP-1 protein.
To further explore the mechanism(s) by which KC depletion prevented hepatic fat accumulation, hepatic expression of genes involved in fatty acid synthesis, fatty acid oxidation and very lowdensity lipoprotein (VLDL) secretion were determined by real-time RT-PCR. Among the multiple genes related to fatty acid oxidation, most genes regulate mitochondrial ␤-oxidation; only AcadVL and Cyp4a1 genes regulate peroxisomal and microsomal oxidation, respectively. Although most genes related to fatty acid oxidation were suppressed in CuMF rats as well as in CuMF rats with KC depletion, some (Hmgcs2 and Cyp4a1) were further downregulated with KC depletion ( CuMF rats with or without KC depletion. Although fasn gene expression was not changed with diet, it was significantly upregulated by KC depletion in CuMF rats. Scd1 expression was inhibited in CuMF rats, and it was further downregulated by KC depletion (Fig. 7B) . The expression of genes involved in VLDL secretion was also suppressed in CuMF rats as well as in CuMF rats with KC depletion. Moreover, ApoB expression was further downregulated with KC depletion (Fig. 7C) . SREBP-1 is a critical transcriptional factor in hepatic lipogenesis. As shown in Fig. 7D , CuMF feeding led to an obvious increase of mature SREBP-1 compared with controls and this increase was blocked with KC depletion. Increased gut permeability in CuMF rats. Gut permeability was evaluated by plasma endotoxin level and ex vivo measurement of ileum permeability to FD-4. As shown in Fig. 8A , plasma endotoxin was significantly increased in CuMF rats. Consistent with plasma endotoxin level, FD-4 permeability of ileum was also markedly increased in CuMF rats compared with control (Fig. 8B) .
KC depletion prevents elevated plasma MCP-1 in CuMF rats. Plasma MCP-1 level was significantly increased in CuMF rats. However, this increase was blocked by KC depletion, suggesting that KCs may directly or indirectly contribute to the increased plasma MCP-1 in CuMF rats (Fig. 9A) .
KC MCP-1 production in response to LPS and iron chelation. To further determine KC function in response to LPS and the role of iron in this response, freshly isolated KCs from CuMF rats were treated with LPS in the presence/absence of an iron chelator. MCP-1 levels were predictably increased in response to LPS. Interestingly, this increase was significantly attenuated by pretreatment with an intracellular lysosomal iron chelator, suggesting that the MCP-1 signaling pathway was mediated, at least partially, by intracellular iron (Fig. 9B) .
DISCUSSION
KCs are the resident macrophages in the liver, and they are a critical component of the innate immune response. In addition, KCs play a role in iron recycling. However, the role of KCs in the pathogenesis of NAFLD remains poorly understood. In the present study, we found that KC depletion completely blocked hepatic fat accumulation in CuMF rats but did not block the liver injury, suggesting that KCs play a pivotal role in hepatic lipid metabolism. Particularly, we found that KC depletion reduced body weight and epididymal fat weight as well as adipocyte size, predominantly in the PreGdCl 3 group. Moreover, elevated plasma MCP-1 was inhibited with KC depletion in CuMF rats, suggesting that KCs may directly or indirectly contribute to the elevated levels of circulating MCP-1.
It is well documented that hepatic iron overload is a common feature associated with copper deficiency (17, 22) . Excess iron in the liver was diffusely distributed throughout hepatocytes and KCs (22) . To further dissect the differential role of iron deposition in KCs and hepatocytes in CuMF-induced liver injury and fat accumulation, we depleted KCs before or in the middle of feeding rats a CuMF diet. Interestingly, we found that although fat accumulation was completely prevented with KC depletion at both time points, hepatic copper and iron were not significantly affected by KC depletion. Next, we isolated KCs and hepatocytes and measured iron content. We did not detect significantly increased iron in the KCs of CuMF rats, at least at the time of euthanasia, compared with controls, probably owing to the limited time period of the experiment. Although the KC iron level was not increased in rats fed with CuMF diet for 4 wk, the plasma endotoxin level was significantly increased. In fact, previous studies have shown that high-fructose feeding may lead to bacterial overgrowth and increased gut permeability, with subsequent endotoxemia, which may contribute to KC activation and MCP-1 secretion (5, 41) . To further demonstrate this, isolated KCs from CuMF rats were exposed to exogenous LPS in the presence or absence of an iron chelator. We found that MCP-1 was dramatically increased in the culture medium in response to LPS, and this increase was significantly attenuated by pretreatment with an iron chelator, suggesting that KCs may be one of the sources of elevated circulating MCP-1 and that LPS-induced MCP-1 secretion is, at least partially, iron dependent.
Although KC iron content was not significantly affected, hepatocyte iron was significantly increased, and spleen iron was markedly decreased in CuMF rats compared with controls. Moreover, plasma hepcidin, the master regulator of iron homeostasis, was significantly decreased in CuMF rats, suggesting that iron was redistributed under the condition of hepcidin deficiency (19, 21) . Sex differences in the metabolic effects of fructose and/or copper deficiency have long been noted in the animal studies (16, 18) as well as in humans (4, 10), with male sex being sensitive to the deleterious effects of fructose and/or copper deficiency and female sex being protective. Hepatic iron overload is a likely mechanism underlying fructose/copper deficiency-induced metabolic syndrome. It is also well documented that the expression of hepcidin is suppressed by testosterone (28) . Taken together, sex-related discrepancy in the metabolic effects of fructose might attribute to the dysregulated metabolism of copper and/or iron. Further studies on the potential molecular mechanisms are warranted. A growing body of evidence has suggested that KCs may promote the development of diet-induced hepatic steatosis by suppression of hepatocyte fatty acid ␤-oxidation via secreting TNF-␣ and IL-1␤ (24, 42), or they may trigger NASH development via recruitment of monocytes/macrophages through MCP-1 (30, 44) . In the present study, we found that KC depletion not only protects against the development of NAFLD but also reduces total body weight as well as white adipose tissue fat mass and weight. Moreover, KC depletion was associated with the normalization of plasma MCP-1 and hepatic SREBP-1 expression, both of which play important roles in obesity-related hepatic steatosis and insulin resistance. The role of MCP-1 in the onset of metabolic disorders is attributed to macrophage recruitment in either adipose tissue (25) or liver (30, 44) . In agreement with this, our data showed that hepatic TNF-␣ and IL-1␤, as well as TLR4, mRNA were significantly downregulated by KC depletion, which is consistent with previous findings (24, 42) . In adipose tissue, IL-6 mRNA, but not TNF-␣ mRNA, was markedly downregulated. IL-6 is mainly produced from adipocytes, and adipose tissue macrophage is the major source of TNF-␣ (36, 43, 46) . Both of these factors support the concept that the alteration of adipose tissue proinflammatory profile is likely due to the reduced adipocyte size. Inhibition of hepatic SREBP-1 expression by KC depletion suggests that hepatic lipogenesis may be regulated by KCs. However, how KC regulate SREBP-1 expression remains to be determined.
The fact that KC depletion leads to hepatic steatosis but not liver injury supports the concept that metabolic endotoxemia is the initiator of hepatic steatosis and obesity ("first hit") (8, 11) . However, low-copper status and hepatic iron overload were not improved by KC depletion, suggesting they might be the "second hit" leading to the liver injury and NASH progression (11) .
In summary, interaction between dietary fructose and marginal copper deficiency further impaired copper status and led to iron redistribution with increased deposition in hepatocytes and decreased levels in the spleen under the condition of hepcidin deficiency (21) . KC depletion prevented hepatic steatosis with reduced white adipose tissue fat mass, suggesting a critical role of KCs in the onset of hepatic steatosis and adiposity induced by marginal-copper and high-fructose diet (Fig. 10) . However, copper and iron status were not improved by KC depletion, suggesting the possible link between low copper, iron overload, and liver injury. Our data provided novel insights into the better understanding of NAFLD. 
